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Abstract. Weld cladding of low alloy carbon steel generates compressive residual stress in the clad 
layer, in turn potentially improving resistance to fatigue failure, depending on the material used for 
cladding. The current paper summarises the results of investigations on the magnitude and 
distribution of residual stress in these weld clad components, undertaken using different techniques 
including X-ray diffraction, and incremental centre hole drilling based on both strain gauge rosettes 
and electronic speckle pattern interferometry. Results confirm the presence of tensile residual stress 
when cladding with Inconel 625 beyond the initial clad profile and compressive residual stress when 
cladding with 17-4 PH steel. The complementary nature of XRD and hole drilling techniques is 
highlighted with considerations regarding the weld clad profile and stress distribution with depth. 
Modelling of residual stress induced by weld cladding using a thermal transient analysis is presented. 
Simplification of the weld cladding process is shown to provide good correlation with experimentally 
measured residual stress. Complexities in modelling material behaviour and hence accurate 
prediction of residual stress are discussed. Chemical composition of the weld into the heat-affected 
zone and substrate is presented for both weld clad materials, highlighting the effects of alloying and 
diffusion on chemical composition. Given the complexities in obtaining accurate thermo-mechanical 
material properties required for modelling, and that residual stress profiles are measured to a limited 
depth into the clad layer, recommendations are made for the continuation of both experimental and 
simulation studies.  
Introduction 
Residual stresses present in a component post-manufacture prior to loading, are of crucial importance 
to ensure accurate determination of the performance of a component in service. Such stresses are 
described as arising due to misfits between regions, different parts or different phases [1]. 
Unprocessed raw materials will invariably contain residual stresses, with manufacturing processes 
acting as additional sources of residual stress resulting in alteration of the distribution and status of 
residual stress. The understanding of these elastic, self-equilibrating stresses requires knowledge of 
the processes experienced by the component (e.g. heat treatment, mechanical work or joining), and 
the extent to which these processes alter the residual stress magnitude and distribution. 
Residual stresses can be categorised as macro and micro residual stresses. Macro stresses are 
those that are present at scales comparable to the size of the component, also known as Type I 
residual stress, whilst micro stresses are in the scale of several grains (Type II) and atomic scales 
(Type III) [2]. These stresses arising due to elastic strain energy in the lattice structure of a material 
can act as a driving force for crack initiation and accelerate crack propagation. It is commonly known 
that the presence of tensile residual stresses negatively impacts fatigue life, whilst the presence of 
compressive residual stresses are beneficial for fatigue life. The presence of a compressive residual 
stress is therefore particularly beneficial at the surface of a component where operational stresses are 
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often highest. Upon superpositioning of the residual stresses with cyclic operational stresses, the 
entire stress cycle would ideally remain in the compressive region, resulting in retardation of crack 
propagation. Crack initiation is however thought to be uninfluenced by the presence of compressive 
residual stresses [3]. Compressive residual stresses can improve corrosion performance and 
resistance to stress corrosion cracking in critical environments [4][6]. In this study, residual stresses 
induced by weld cladding, using different clad materials, are investigated. A cylinder of 4330 low 
alloy carbon steel is weld clad with nickel-chromium-based superalloy Inconel 625 and 17-4 
precipitation hardening martensitic stainless steel. The weld cladding process, due to the joining of 
dissimilar materials, involves thermo-mechanical and chemical mechanisms that give rise to the 
generation of residual stresses with complex distribution. A shrinkfit effect occurs due to the 
effective shrinking of the cladding relative to the substrate. Constraint on thermal expansion and 
contraction is produced through the heating and cooling cycle during welding. Volume changes due 
to phase transformation, precipitation or chemical reactions can result in chemically induced residual 
stresses. The deposition process and subsequent cooling of the clad component can be controlled to 
modify residual stresses depending on the spatial and temporal variation of the process [7], [8]. 
Furthermore the original material properties and microstructures are altered during the joining of 
materials through the effects of alloying and diffusion [9]. On a microscopic level, varying values of 
thermal properties in constituent phases can also generate thermally induced residual stresses [10].    
Herein the residual stress distribution in near-surface regions of the weld clad components are 
investigated using several measurement techniques. The determination of residual stresses can be 
achieved through means of relaxation or diffraction [11]. In this study residual stress measurements 
have been carried out based on both principals using X-Ray diffraction (XRD) and hole drilling. The 
generation of residual stress due to weld cladding has also been modelled using a thermal transient 
analysis.  
Weld Cladding Process 
Weld overlay cladding of hollow cylinders, made from 4330 low alloy carbon, was achieved using 
hot-wire Gas Tungsten Arc Welding (GTAW) to deposit a layer of clad material onto the outer 
diameter of the cylinders to create a bond between the two materials. Two cladding materials, 
Inconel 625 and 17-4 PH, were used on two different cylinders. For each sample, a two-pass 
deposition process was utilised resulting in a total clad layer thickness of 6 mm, with cylinder 
dimensions noted in Fig. 1(a). 
Residual Stress Measurements 
X-Ray Diffraction. Surface residual stress measurements were obtained by XRD using a 
PROTO-LXRD diffractometer and sin2ȥ PHWKRG DFFRUGLQJ WR WKH 13/ JRRG SUDFWLFH JXLGH [12], 
[13]. The stresses were calculated from the strains of the {311} and {211} Bragg reflections at 155.2o 
and 155.1o Bragg angles, considering elastic Youngs modulus of 168 GPa and 184 GPa and 
Poissons ratios of 0.29 and 0.272 for Inconel 625 and 17-4 steel, respectively. Weld bead peaks 
were utilized as measurement points, with a path assigned from the reference face spanning 20 peaks. 
0HDVXUHPHQWV ZHUH REWDLQHG LQ SHUSHQGLFXODU D[LDO ĳ   Û DQG KRRS ĳ   Û GLUHFWLRQV DV
illustrated in Fig. 1(a).  
Hole-drilling using optical technique. The StressTech Prism system was used in the 
measurement of residual stresses using hole drilling based on electronic speckle pattern 
interferometry (ESPI) [14]. The sole requirement regarding surface preparation is a clean surface 
with low reflectivity, the clad cylinder therefore ideal. Drill diameters determine the depth to which 
measurements can be obtained, residual stresses obtained to a depth of 1.2 mm.  
Hole-drilling using strain gauge rosettes. The incremental centre hole drilling (ICHD) method, 
accurately obtaining measurements to a depth of approximately half of the drill diameter [15], was 
DOVRXQGHUWDNHQXVLQJWKH6,177HFKQRORJ\076V\VWHPWRREWDLQUHVLGXDOVWUHVVGLVWULEXWLRQV
Strain gauge installation in diametrically opposing locations required machining of an average of 306 
µm and 586 µm for Inconel 625 and 17-4 PH clad profiles respectively.  
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Fig. 1D2ULHQWDWLRQRIWKHVDPSOHIRU;5'VWUHVVPHDVXUHPHQWVLHĳ-angles) (b) fusion 
boundary of Inconel 625 clad - magnification factor x50 (c) manipulation of 17-4 PH coefficient 
of thermal expansion (CTE). 
Simulation of the Weld Cladding Process 
A 2D axisymmetric model was utilised for the simulation of the weld cladding process, assuming 
weld passes to be deposited on the entire outer diameter at one time step. The thermal transient 
analysis consisted of heating the pipe to a temperature of 300°C prior to application of the weld 
material at melt temperature. The entire component was then slowly cooled using a convective heat 
WUDQVIHUFRHIILFLHQWRIK :P2K, with latent heat effects neglected and radial edges insulated to 
simulate no axial heat transfer. An elastic-perfectly plastic material was assumed utilizing 
experimentally obtained thermal and mechanical properties for clad and heat-affected zone (HAZ) 
regions. Fig. 1(b) shows the fusion boundary and heavy micro-segregation in the HAZ of the Inconel 
625 clad.  
Results 
X-Ray Diffraction. Fig. 2 indicates the presence of primarily compressive residual stress on the 
Inconel 625 weld clad profile in both axial and hoop directions, with a maximum generally around -
300 MPa. It can also be seen that a number of points illustrate the presence of tensile residual stress, 
although those close to a zero value possess error bars in the region that would suggest these may 
also be low compressive stresses. Hoop stresses shown in Fig. 2(b) appear to be tensile towards the 
reference edge of the cylinder, however this is not observed for axial stresses.  Given the nature of 
the weld clad profile, insufficient diffraction may arise should the beam extend across more than one 
weld bead and this will be observed as a variation in stress values. Furthermore geometrical 
variations, surface irregularities and sampling population can give rise to variations. It should also be 
noted that strain values are averaged in the measurement region and this is reflected ultimately in 
stress values.  
Residual stress measured in the 17-4 PH clad surface showed compressive residual stress at the 
majority of measurement locations, slightly less compressive than in the case of Inconel 625. In the 
axial stress component a small number of points indicated low tensile residual stress, Fig. 3(a), 
however the hoop stress component highlighted that all residual stresses measured were compressive, 
Fig. 3(b).  
Calculated error values are also generally smaller in the case of the 17-4 PH clad cylinder, likely 
due to the increased sampling population in the martensitic microstructure.  
Hole drilling techniques and comparisons with FE model. The hole drilling methods utilized 
obtain residual stresses in the near surface region, serving as a means for comparison with the 
simulation model. Fig. 4 and Fig. 5 compare residual stress components obtained through simulation 
and experimental methods. In the case of the Inconel 625 clad layer good correlation can be seen 
between the simulation and ICHD residual stress for both stress components. In the case of ESPI, 
compressive residual stress is observed in both stress components at the surface, to a similar level as 
was observed in XRD measurements. ICHD A and B represent two measurements at diametrically 
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opposed locations on the same component, undertaken for the purposes of repeatability, while 
average XRD values are plotted. 
 
Fig. 2. (a) Axial stress and (b) hoop stress measured in Inconel 625 as-clad surface - 
measurements obtained on 20 consecutive weld bead peaks using XRD. 
 
Fig. 3. (a) Axial stress and (b) hoop stress measured in 17-4 PH as-clad surface - measurements 
obtained on 20 consecutive weld bead peaks using XRD. 
7RZDUGVWKHJUHDWHVWGHSWK§PPRIWKH(63,PHDVXUHPHQWLWFDQEHVHHQWKDWWKHUHVidual 
stress levels matches more closely with those obtained in the simulation.    
Comparing experiment and simulation for a 17-4 PH clad, shows that in the case of axial stress 
good correlation is achieved for hole drilling methods with the simulation (Fig. 5(a)). Hoop stresses 
show that ESPI values are almost zero at the surface, increasing in compression towards a depth of 
1.2 mm, while ICHD values match closely with simulation. 
Discussion 
As highlighted, correlation between XRD and ESPI methods was seen to be good at the component 
surface. The complementary nature of XRD and ESPI hole drilling has therefore been demonstrated 
herein, along with the inability of the simulation model to capture stress variation at the surface due 
to the weld clad profile. In terms of residual stress measurement, techniques providing bulk residual 
stress, such as the contour method [16] and deep-hole drilling [17], would allow increased 
understanding of residual stresses throughout the clad cylinder, as opposed to near-surface stresses 
presented in this study. 
Considerations on weld geometry. In the Inconel 625 clad cylinder both XRD and ESPI hole 
drilling measurements indicated compressive surface residual stresses, however residual stress in the 
clad layer measured by ICHD is tensile and in agreement with simulation results. This may be due to 
(i) the weld bead geometry influencing the residual stress measured by both XRD and ESPI hole 
drilling, or (ii) the FE simulation not being able to predict the real process and in turn levels of 
residual stress. It is expected that results obtained by ICHD do not match surface results of ESPI hole 
drilling and XRD, as the surface residual stress profile is changed by surface preparation for strain 
gauge installation.  
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Material behaviour. In Fig. 5, simulation results are presented for two cases: original and 
manipulated. In the manipulated case (simulation B), experimental data obtained for coefficient of 
thermal expansion (CTE) was manipulated as shown in Fig. 1(c) to account for the rapid cooling rate 
during the welding process. Studies have been conducted into dilatation during a cooling rate of 234 
.V[18], however this level of cooling could not be obtained experimentally. Increased accuracy in 
experimental data is required to account for CTE variation, particularly during the martensitic 
transformation to ensure that accurate material behavior is modelled.  
 
Fig. 4. Comparing simulation and experimental (a) axial and (b) hoop residual stress in the 
Inconel 625 clad layer. 
 
Fig. 5. Comparing simulation and experimental (a) axial and (b) hoop residual stress in the 17-4 
PH clad layer. 
Alloying and diffusion. Fig. 1(b) highlighted heavy HAZ micro-segregation, chemical analysis of 
these regions indicating diffusion from the clad layer into the substrate. Higher chromium and nickel 
levels were present in alloy rich regions increasing hardness values as shown. Furthermore chemical 
analysis of clad passes illustrated higher iron levels in the first Inconel 625 pass, diffused from the 
4330 substrate. Similarly substrate diffusion increased iron levels in the first 17-4 PH clad pass. 
These factors will impact material properties and resulting residual stresses. Care must be taken to 
ensure that crack susceptibility and tensile residual stresses do not result from the weld cladding 
process. Microstructural modelling would enable greater control of residual stress generation during 
weld cladding.   
Conclusions 
Weld cladding of a 4330 cylinder was achieved using a hot-wire GTAW process using Inconel 625 
and 17-4 PH as clad materials. The major observations of this work are concluded as follows: 
x The residual stresses throughout the component were measured using XRD and two hole 
drilling techniques, one based on electronic speckle pattern interferometry (ESPI) and the other 
based on strain gauge rosettes. These methods are shown to be complementary. 
x Good correlation was obtained between experiment and simulation upon manipulation of CTE 
values for 17-4 PH to account for high cooling rates during welding.  
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x XRD and ESPI hole drilling results indicated that weld bead geometry influenced surface 
measurements, with stresses near-surface transforming from compressive to tensile for an 
Inconel 625 clad.   
x Discrepancies in the results of different residual stress measurements techniques have been 
highlighted. The study indicates the need for a range of residual stress measurement techniques 
to gain knowledge of the residual stress distribution throughout the component. 
x Weld cladding with Inconel 625 resulted in the presence of tensile residual stresses in the clad 
layer beyond the initial weld bead profile, while compressive residual stresses were observed in 
the 17-4 PH clad layer. 
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